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Acid-sensing ion channels (ASICs) have long been
considered as extracellular proton (H+)-gated cation
channels, and peripheral ASIC3 channels seem to
be a natural sensor of acidic pain. Here, we report
the identification of a nonproton sensor on ASIC3.
We show first that 2-guanidine-4-methylquinazoline
(GMQ) causes persistent ASIC3 channel activation
at the normal pH. Using GMQ as a probe and com-
bining mutagenesis and covalent modification anal-
ysis, we then uncovered a ligand sensor lined by
residues around E423 and E79 of the extracellular
‘‘palm’’ domain of the ASIC3 channel that is crucial
for activation by nonproton activators. Furthermore,
we show that GMQ activates sensory neurons and
causes pain-related behaviors in an ASIC3-depen-
dent manner, indicating the functional significance of
ASIC activation by nonproton ligands. Thus, natural
ligands beyond protons may activate ASICs under
physiological and pathological conditions through
the nonproton ligand sensor, serving for channel
activation independent of abrupt and marked
acidosis.
INTRODUCTION
The acid-sensing ion channels (ASICs) are proton-gated trimeric
channels (Gonzales et al., 2009; Jasti et al., 2007) that belong
to the degenerin/epithelial sodium channel (DEG/ENaC) family
(Kellenberger and Schild, 2002) and are implicated in ischemia
(Gao et al., 2005; Sutherland et al., 2001; Xiong et al., 2004;
Yagi et al., 2006), neurotransmission (Wemmie et al., 2002),
epilepsy (Ziemann et al., 2008), mechanosensation (Lu et al.,
2009; Page et al., 2005; Price et al., 2000, 2001), chemosensa-
tion (Ziemann et al., 2009), and pain perception (Chen et al.,
2002; Deval et al., 2008; Duan et al., 2007; Mazzuca et al.,
2007; Sluka et al., 2003; Xu and Duan, 2009). As their name indi-
cates, ASICs are activated by extracellular acidosis (Krishtal,
2003; Waldmann et al., 1997; Wemmie et al., 2006). A concernabout the physiological role of ASICs in acid sensing arises
from the fact that many of these channels require abrupt and
marked pH decreases in order to open. As such changes might
be uncommon in vivo under most physiological and pathological
conditions (Wemmie et al., 2006), it is conceivable that there
are other ligands beyond protons that either directly activate
ASICs or facilitate their response to acid. Identification of non-
proton ligands and elucidation of their activation mechanism(s)
will provide clues to further understanding of these ion channels.
Recent elucidation of the crystal structure of the ASIC1 chan-
nel (Gonzales et al., 2009; Jasti et al., 2007) revealed some
intriguing structural characteristics of its large extracellular (EC)
domain, e.g., its size, multiple cavities, and possible roles in
channel gating (Canessa, 2007). It is an attractive idea that
such a complex structure exists not only for sensing protons,
but also for binding to nonproton channel activators, even at
the physiological pH (Coric et al., 2008; Wemmie et al., 2006).
Because domains enriched in acidic residues are thought to
be crucial for ASIC gating (Jasti et al., 2007; Paukert et al.,
2008), we electrophysiologically screened for small molecules
containing basic groups (see Experimental Procedures), such
as polyamines, monoamines, amidines, guanidines, and bigua-
nidines, that may form tight contacts with the carboxyl group
of acidic residues through hydrogen bonds (H-bonds) and/or
electrostatic interactions. We discovered a group of small
molecules containing a guanidinium group and a heterocyclic
ring, as exemplified by 2-guanidine-4-methylquinazoline (GMQ)
(Figure 1A), that are effective ASIC3 activators. Using GMQ
as a probe, we uncovered a nonproton ligand sensor that may
serve for gating function of ASICs using a combined approach
of mutagenesis, covalent modification analysis, and behavioral
tests.
RESULTS
GMQ Facilitates Sustained Activation of ASIC3
Channels at Neutral pH
In CHO cells expressing ASIC3 alone, GMQ dose dependently
evoked large inward currents at the neutral pH with little or no
desensitization (Figure 1B). Further studies on CHO cells ex-
pressing various homomeric ASICs revealed that GMQ is a
specific agonist for ASIC3 homomers (see Figure S1 avail-
able online). Amiloride, a nonspecific antagonist of ASICs,Neuron 68, 61–72, October 7, 2010 ª2010 Elsevier Inc. 61
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Figure 1. GMQ Activates and Sensitizes
ASIC3 Channels in CHO Cells
(A) Chemical structure of GMQ.
(B) Examples of GMQ-evoked currents at neutral
pH. GMQ dose-dependently evoked inward cur-
rents in ASIC3-transfected CHO cells (right panel
of B-II) but was ineffective in nontransfected cells
(right panel of B-I). Note the sharp difference in
kinetics of acid (pH 5.0)- and GMQ-induced
currents. The acid-induced current desensitized
rapidly (left panel), whereas little desensitization
was observed in the presence of GMQ (right
panel). Similar results were obtained in seven
other experiments.
(C and D) GMQ at low mM (1–100 mM) sensitizes
mild acidosis (pH 7.0)-activated ASIC3 currents.
Data points are means ± SEM of four to seven
measurements normalized to pH 7.0-induced
currents (control; dashed line). *p < 0.05; **p <
0.001 versus controls.
See also Figure S1 and Table S1.
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A Nonproton Ligand Sensor in ASICsdose dependently reduced the GMQ-evoked currents in
ASIC3-expressing CHO cells with a half-maximal inhibition con-
centration (IC50) of 0.35 ± 0.08 mM, suggesting that the
observed GMQ response is mediated by ASIC3 activation. Sim-
ilar GMQ-induced responses were also obtained in HEK293
and COS-7 cells transfected with ASIC3 (data not shown), sug-
gesting that the stimulatory effect is independent of the host
cell types. Application of either ammonium chloride or guanidi-
nium hydrochloride failed to induce any current in ASIC3-
expressing CHO cells (data not shown), suggesting that
ASIC3 activation by GMQ requires a more specific structure-
activity relationship (SAR) beyond the action of a single basic
group. In support of this idea, our SAR studies showed that a
polar contacting center and a hydrophobic center are both
necessary for the GMQ’s action (Figure S2), indicating that
GMQ activates ASIC3 channels via a structure-based mecha-
nism. Furthermore, it has been established that reducing extra-
cellular Ca2+ robustly facilitates the activation of ASICs formed
by ASIC1a or ASIC3 subunits (Berdiev et al., 2001; Immke and
McCleskey, 2003; Paukert et al., 2004; Zhang et al., 2006).
Consistently, in the Ca2+-free solution (see below), GMQ facili-
tated ASIC3 activation (with a half-maximal activation concen-
tration [EC50] of 67 mM) without affecting the ASIC1a, 1b and
2a channels (data not shown). Together, these results suggest
that GMQ specifically facilitates ASIC3 channel opening at
neutral pH.Characterization of GMQ-Induced Activation
of ASIC3 Channels
GMQ-induced currents exhibited several properties in common
with those induced by acidic solution: fast activation with a time
constant of 18 ± 2 ms, selectivity for Na+ over K+ (Waldmann
et al., 1997; Wu et al., 2004; Figures S3A–S3C) and sensitivity
to blockade by extracellular amiloride (Kellenberger and Schild,
2002; Waldmann et al., 1997) and Ca2+ (Immke and McCleskey,
2003; Paukert et al., 2004, 2008; Figures S3D and S3E). How-
ever, whereas acid-induced ASIC3 currents normally consist of62 Neuron 68, 61–72, October 7, 2010 ª2010 Elsevier Inc.a large rapidly desensitizing and a small sustained component
(Figure 1B, left panel), GMQ-induced currents showed little or no
desensitization (Figure 1B, right panel). Furthermore, although
both GMQ- and acid-induced currents show selectivity of Na+
over K+, the selectivity values differ significantly (Figures S3A–
S3C) (reverse potential [RP] K-GMQ = 32.4 ± 2.0 mV versus
RP K-pH5.0 = 48.7 ± 2.0 mV; PNa/PK-pH5.0 = 5.57 versus PNa/
PK-GMQ = 3.32, n = 4–8, p < 0.001). In addition, the GMQ-induced
current displayed a higher sensitivity to the blockade by extracel-
lular Ca2+, with an IC50 of 0.85 ± 0.16 mM (Figure S3E), while the
IC50 value of extracellular Ca
2+ for acid-induced ASIC3 currents
was larger than 10 mM (Immke and McCleskey, 2003; Suther-
land et al., 2001; see also Figure S3D). These differences in
gating kinetics and electrophysiological and pharmacological
properties suggest that GMQ acts on ASIC3 channels in a
different way from protons.Interplay between GMQ, H+, and Ca2+
Furthermore, we noted that while high concentrations (low mM)
of GMQ are required to activate the ASIC3 channels at neutral
pH (Figure 1B), at low mM concentrations GMQ significantly
sensitized pH 7.0-induced ASIC3 channel activation (Figures
1C and 1D), indicative of a modulatory role for this compound.
Moreover, mild acidosis (pH 7.0–6.8) significantly potentiated
GMQ-induced sustained currents and shifted its dose-response
curve to lower GMQ concentrations (Figures 2A and 2B). Such
effects were less pronounced at lower pH, presumably due
to a dominant effect by proton-induced channel opening and
desensitization (Figures 2A and 2B). In addition, as described
above, GMQ-induced currents were highly sensitive to extracel-
lular Ca2+ changes (Figure S3E). Reducing extracellular Ca2+
markedly potentiated the peak amplitude of GMQ-induced
currents and decreased the EC50 of GMQ (Figures 2C and 2D),
whereas increasing it to 10 mM completely abolished the GMQ
currents (Figures 2C and S3E). These results indicate a dynamic
interplay between GMQ and extracellular protons and Ca2+ in
regulating ASIC3 channel activation.
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Figure 2. Mild Acidosis and Reduced Extra-
cellular Ca2+ Potentiate GMQ-Induced
ASIC3 Channel Activation
(A) Examples (upper) and summary (bottom,
means ± SEM, n = 5) of GMQ (1 mM)-induced
currents at different extracellular pH. The orange
solid line is a fit of the Gauss equation to the pH-
dependence for GMQ-induced currents.
(B) Concentration-response relationship of GMQ
effects on ASIC3 channels under different pH
conditions. Each point is the mean ± SEM of
four to seven measurements and the solid
lines are fits to the Hill equation. The EC50 and n
values of GMQ at pH 9.0, 7.4, 7.0, and 5.0 are
3.34 ± 0.38 mM (1.02 ± 0.15), 1.08 ± 0.09 mM
(1.48 ± 0.20), 0.48 ± 0.04 mM (1.19 ± 0.21), and
2.17 ± 0.57 mM (0.95 ± 0.25), respectively.
(C) Example traces showing the effects of extracel-
lular Ca2+ on GMQ (1 mM)-induced currents in
ASIC3-expressing CHO cells.
(D) Concentration-response curves of GMQ in
bath solutions with different extracellular Ca2+.
Data points are means ± SEM of four to five
measurements and the solid lines are fits to the
Hill equation. The EC50 and n values of GMQ in
bath solutions with 2, 1, 0.1, and 0 mM Ca2+ are
1.08 ± 0.09 mM (1.27 ± 0.13), 0.62 ± 0.19 mM
(1.35 ± 0.31), 0.19 ± 0.08 mM (0.97 ± 0.13), and
0.06 ± 0.01 mM (0.89 ± 0.11), respectively.
See also Figure S3.
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A Nonproton Ligand Sensor in ASICsGMQ Activity Is Not Determined by Acidic Residues
of Putative Proton Sensors
In consideration of the tight coupling between the action of GMQ
and protons, we carried out mutational analysis of key residues
that have been implicated in the acid-induced channel gating
(Jasti et al., 2007; Paukert et al., 2008). A cluster of negatively
charged residues have been suggested to form the tentative
proton sensor in the cleft between the ‘‘thumb’’ and ‘‘finger’’
domains of ASIC1, in which carboxyl-carboxylate interaction
pairs may play a role in channel gating (Jasti et al., 2007).
Sequence alignment shows that identical acidic residues exist
in ASIC3, among which two putative carboxyl-carboxylate inter-
action pairs (E230$$$$D358 and E212$$$$D414) and a carboxyl-
hydroxyl interaction pair (E231$$$$S354) are evident (Figure 3A,
the interaction pairs I–III). To examine whether these residues
are involved in mediating GMQ action, we tested acid- and
GMQ-induced currents of double point mutants, E212A/
D414A, E231A/S354A, or E230A/D358A, after their expression
in CHO cells. The E212A/D414A mutant exhibited a complete
loss of the acid-induced response (Figure 4C); for E231A/
S354A or E230A/D358A mutants, proton-induced currents
showed a shift of pH dependence to lower pH as compared to
the wild-type (WT) ASIC3 (Figure 3B), consistent with the
previous finding on ASIC1 (Jasti et al., 2007). Strikingly, theGMQ responses remained by the E212A/D414A, E231A/
S354A, or E230A/D358A mutations (Figures 3C and 3D). The
apparent reduction of H+ sensitivity and the lack of a similar
effect on GMQ in the mutant channels strongly support the
notion that although the acidic residue-enriched cleft partici-
pates in acid sensing in ASICs including ASIC3 channels, it plays
little part in sensing GMQ. An alternate sensor domain must be
involved in the GMQ-triggered ASIC3 activation, which may
result in the distinctive gating properties of the acid- and
GMQ-activated currents as described above.
GMQ Activity Is Determined by Acidic Residues
of the Palm Domain
The ‘‘palm’’ domain in the ASIC1 (Gonzales et al., 2009; Jasti
et al., 2007) and the equivalent domain in the ASIC3 are located
at the center of the EC domain and the interface of three ASIC
subunits. We speculated that the large cavity of the palm domain
could be a site for GMQ binding because it contains many
charged and polar residues (Jasti et al., 2007), including the
carboxyl-carboxylate interaction pair E79$$$$E423 (Figure 3A,
the interaction pair IV). To test this hypothesis, we expressed the
E423A or E79A mutant of ASIC3 in CHO cells and found that the
activation by GMQ was greatly diminished as reflected by
increased EC50 values and significantly decreased amplitudesNeuron 68, 61–72, October 7, 2010 ª2010 Elsevier Inc. 63
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Figure 3. Roles of Carboxyl-Caboxylate
Interaction Pairs in GMQ-Induced ASIC3
Channel Gating
(A) Multisequence alignment for carboxyl-caboxy-
late interaction pairs in different ASIC1a and ASIC3
subunits. The identical key amino acids putatively
involved in forming carboxyl-caboxylate interac-
tion pairs are marked by boxes and arrows. I, III,
and IV indicate the carboxyl-carboxylate interac-
tion pairs. II indicates a carboxyl-hydroxyl interac-
tion pairs.
(B) Effect of double ‘‘decarboxyl’’ mutations on
pH sensitivity. The solid line is a fit of the Hill equa-
tion to the pH-dependent activation. Each point
is the mean ± SEM of four to eight measure-
ments. E230A/D358A and E231A/S354A muta-
tions shifted pH50 to more acidic values.
(C) Representative traces illustrating effects
of E212A/D414A, E230A/D358A, E231A/S354A,
E423A, and E79A mutations on GMQ (1 mM)-
induced currents.
(D) EC50 values and maximal currents of GMQ
(means ± SEM, n = 4–10) for point mutations.
*p < 0.05, **p < 0.001 versus WT channels (dashed
line). #Maximal currents of GMQ were not normal-
ized to IpH5.0 because of the markedly reduced
IpH5.0 resulting from the mutation-induced steady-
state desensitization at the neutral pH.
See also Figure S2.
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A Nonproton Ligand Sensor in ASICsof GMQ-induced currents (Figures 3C and 3D). Other changes
of E423, including the mutations to Asp, Leu, Gln, and Arg,
also impaired the action of GMQ/protons (Figures 3D and 4D).
The simplest interpretation of the above results is that GMQ
binds specifically to a cavity around E79 and E423 to activate
the ASIC3 channel. However, as reported previously (Cushman
et al., 2007), the E79A mutant exhibited complete steady-state
desensitization (to pH 5.0 stimulation) at the neutral pH in the
presence of 2 mM Ca2+ (Figures 4A, 4E, and 4F). The E423A
mutant also displayed partial desensitization under the same
conditions (Figures 4B and 4F). Thus, the reduced potency of
GMQ on these mutants could be due to channel desensitization.
We tested this possibility by using a higher extracellular Ca2+
concentration (20 mM) to restore the ASIC3 mutants from
desensitization to resting state (Babini et al., 2002). As shown
in Figures 4E and 4F, whereas pretreatment with 20 mM Ca2+
largely restored pH 5.0-induced channel activation, the GMQ-
induced currents remained diminished in the E79A and E423A
mutants, suggesting that the reduced activation by GMQ of
the E79A and E423A mutants did not result from the pH-depen-
dent desensitization associated with the mutations (Figures 4A64 Neuron 68, 61–72, October 7, 2010 ª2010 Elsevier Inc.E
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SIC3 gating.tructure-Based Covalent Modification at E79 Causes
SIC3 Channel Activation
o test the idea that GMQ activates ASIC3 via interactions with
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ith the intention to block the interactions by covalent modifica-
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Figure 4. Essential Role of E79/E423
Carboxyl-Caboxylate Interaction Pair
(A–C) Example current traces from ASIC3E79A,
ASIC3E423A, and ASIC3E212A/D414A channels
evoked by a step to pH 5.0 from pH 7.4 or 9.0. ASI-
C3E79A (A) and ASIC3E212A/D414A (C) channels can
only be opened by a step to pH 5.0 from pH 9.0,
but not from pH 7.4, revealing a complete
steady-state desensitization of these mutants at
pH 7.4. The E423A mutation resulted in a partial
desensitization at pH 7.4 (B).
(D) pH50 of various mutants. Data are means ±
SEM from five to ten experiments. **p < 0.001
versus WT channels (dashed line). #pH50 was not
measured due to strong steady-state desensitiza-
tion at pH 7.4.
(E) Representative traces illustrating effects of
extracellular Ca2+ on pH 5.0- and GMQ (1 mM)-
induced currents in the E79A mutant. The E79A
mutation resulted in a complete desensitization
of ASIC3 channels at pH 7.4 (2mMCa2+). Pretreat-
ment with 20 mM Ca2+ (pH 7.4) markedly reduced
the desensitization of pH 5.0-induced channel
gating but did not restore GMQ-induced activa-
tion. Similar results were also observed in the
E423A mutant.
(F) Pooled data of (E) (means ± SEM, n = 4-5).
**p < 0.01.
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A Nonproton Ligand Sensor in ASICssite must be responsible for its activation effect on ASIC3E79C.
For ASIC3E423C, although DTNB did not directly open the
channel, it markedly enhanced pH 5.0-induced peak and sus-
tained currents, a process that could also be reversed by DTT
(Figure 5D). Thus, it is likely that the disulfide bond formed
between TNB and C79, but not that formed between TNB
and C423, favors the proper steric orientation of the bulky
side chain of TNB and its contacts with surrounding residues,
which in turn stabilizes the ASIC3E79C channel in its open
conformation.
To verify if covalentmodification by DTNB activates ASIC3E79C
via a structure-based mechanism, we tested a series of DTNB
analogs (Figure 6A). When both carboxyl- and nitro-groups
were removed, the resulting product, DTDP, only induced very
small currents in CHO cells expressing ASIC3E79C (Figures 6B
and 6C). Another analog DTNP, which has no carboxyl-group,
was also ineffective. By contrast, the analog that contains
carboxyl groups but no nitro-groups, DTDC, was able to activate
ASIC3E79C (Figures 6B and 6C). Thus, the carboxyl side chain
of DTNB is crucial for the irreversible activation of ASIC3E79C.
These results suggest that the activation of ASIC3E79C through
covalent modification by TNB requires polar, steric, and electro-
static interactions between its side chains and residues around
E79 and E423. These data also indicate the existence of a cav-
ity around E79 and E423 in order to accommodate the bulky
portion of TNB, and perhaps also GMQ, with the proper orienta-
tion that allows for interaction with specific residues of ASIC3
for channel activation.Covalent Link of GMQ to ASIC3E79C Is Sufficient
for Channel Activation
Based on the above finding that ASIC3E79C is activated
by DTNB-mediated covalent modification, we reasoned that
directly linking GMQ to C79 via a covalent bond should activate
ASIC3E79C at neutral pH. To test this hypothesis, we designed
and synthesized a GMQ dimer (Figure 7A), which can react
with C79 at neutral pH and covalently link GMQ to the thiol group
of C79 (Figure 7B) via the Ellman’s reaction (Ellman, 1959). As
expected, the GMQ dimer (0.1 mM, maximal water solubility)
was able to activate ASIC3E79C (Figure 7C), but not the WT
ASIC3 or ASIC3E423C (Figure 7E), consistent with the critical
role of E79C in ASIC3 activation by covalent modification.
Furthermore, this process was reversed (Figure 7C) or blocked
(Figure 7D) by DTT. Thus, we have identified a nonproton ligand
sensor domain that mediates GMQ- and DTNB-induced ASIC3
channel activation.Implications for Endogenous Natural Ligands
The discovery of the multifunctional nonproton sensor promoted
us to look for endogenous nonproton ligands for ASIC3 channel
activation. For this purpose, we electrophysiologically screened
for endogenous small molecules containing basic groups.
We found that agmatine, an endogenous polyamine, can directly
activate ASIC3 channel at normal pH (Figure S4). Moreover,
arcaine, a natural product that is structurally close to agmatine,
can also activate ASIC3 (Figure S4). Both agmatine and arcaineNeuron 68, 61–72, October 7, 2010 ª2010 Elsevier Inc. 65
Figure 5. Effects of DTNB on WT and ASIC3E79C Channels
(A) Illustration of the Ellman’s reaction on ASIC3E79C channels.
(B) Substitution of extracellular Na+ with equimolar N-Methyl-D-glucamine (NMDG+) completely abolished DTNB (0.5 mM)-induced currents, whereas re-appli-
cation of standard external solution (SS) (with 150 mM Na+) restored the current. DTT (1 mM) reversed channel activation by breaking the disulfide-bond in the
E79C-S-S-TNB complexes.
(C) DTNB (0.5 mM) did not induce any current or display any effect on either acid- or GMQ-evoked current in the WT channel. Similar results in (B) and (C) were
obtained from seven other experiments.
(D) Typical recording for the effects of DTNB on pH 5.0-induced peak and sustained currents in ASIC3E423C-expressing CHO cells. Similar results were observed
in eight additional experiments.
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A Nonproton Ligand Sensor in ASICswere able to activate ASIC3 but not ASIC1a and ASIC2a
homomeric channels (data not shown), with properties indistin-
guishable from those of GMQ-activated currents but of smaller
magnitude. Similarly, mutagenesis analysis revealed that theA
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(A) Chemical structures of covalent probes analogous to DTNB.
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Figure 7. Effects of GMQ Dimer on WT and ASIC3E79C Channels
(A) Structure of GMQ dimer.
(B) Illustration of GMQ covalently linked to E79C via a mechanism of Ellman’s
reaction.
(C) Typical recording showing the effect of GMQdimer (0.1mM,maximal water
solubility) on ASIC3E79C channels. GMQ dimer induced activations via a cova-
lent modification of ASIC3E79C channels. A successive administration of GMQ
dimer cannot induce additional currents due to the formation of E79C-S-S-
GMQ complexes. DTT (5 mM, 20 min) can partially restore channel activity
by breaking the disulfide-bond in the E79C-S-S-GMQ complexes, rendering
the channel responsible to repetitive GMQ dimer application.
(D) Cotreatment of GMQ dimer (0.1 mM) and DDT (5 mM) prevents channel
activation.
(E) Typical recordings showing the effect of GMQ dimer (0.1 mM) on WT and
ASIC3E423C channels.
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A Nonproton Ligand Sensor in ASICset al., 1998) and dense-core vesicles (Otake et al., 1998). Dietary
intake and bacterial metabolism may generate high concentra-
tions of polyamines in the gut (Milovic, 2001), and high level of
polyamines (up to 1 mM) was found in the inflamed tissues
(Zhang et al., 2000). Thus, the concentrations of agmatine at
some subcellular sites may reach a level sufficient to activateASIC3 channels. Furthermore, as observed for GMQ-activated
currents, mild acidosis (pH 7.0–6.8) or decreased extracellular
Ca2+ also significantly potentiated agmatine-induced currents
(data not shown). A significant potentiation was evident even
when agmatine was applied at a low concentration (100 mM).
Thus, the nonproton ligand sensor identified here may be impli-
cated in activating ASIC3 channels in vivo by the nonproton
ligands.
GMQ Causes Pain-Related Behaviors via
ASIC3 Channels
To gain insights into physiological or pathological functions of
nonproton sensing by ASIC3 channels in vivo, we characterized
the ionic currents in rat dorsal root ganglion (DRG) neurons in
response to applications of GMQ. We randomly recorded DRG
neurons regardless the cell size because ASIC3-like current is
the prevalent type of acid-evoked currents across various DRG
neurons (Dube´ et al., 2005). Changing the extracellular solution
from pH 7.4 to 5.0 evoked inward currents in 93.6% of tested
DRG neurons (147 in 157 total tested neurons), and the currents
can be clearly distinguished into the following two classes on the
basis of their amplitude and time courses: ASIC-like current,
a relatively large and fast inactivating transient inward current
(29.3%, 43 in 147 proton-sensitive neurons); and non-ASIC-like
current, a relatively small and slowly inactivating inward current
(70.7%, 104 in 147 proton-sensitive neurons) (Figures 8A and
8B). Notably, most neurons (69.8%) exhibiting acid-evoked
ASIC-like currents can also be activated by GMQ (1 mM) (Fig-
ure 8B). This result suggests that GMQ-evoked currents in
sensory neurons were largely dependent on ASIC channels,
and GMQ may activate the channel in a manner that differs
from the acid-triggered channel opening.
Previous studies have shown that ASIC3 channels in DRG
neurons mediate pain responses (Chen et al., 2002; Deval
et al., 2008; Dube´ et al., 2005). To test whether the nonproton
sensing is indeed involved in pain-related behaviors, we injected
GMQ or agmatine-containing solution into the right hindpaw of
asic3+/+ and asic3/ mice, and measured the total time the
animals spent licking the injected paw during a 30 min period
(Price et al., 2001; Salazar et al., 2008). Control asic3+/+ mice
showed a significant increase in paw-licking time after GMQ or
agmatine injection compared to saline-injected controls (Fig-
ure 8C). The reaction of asic3/ mice to GMQ or agmatine was
significantly less intense than that of asic3+/+ mice (Figure 8C).
A more potent GMQ analog (GMQ-Br, Figures 8D and 8E;
Figure S2, compound 7) as well as an inactive GMQ analog
(GBO, Figures 8D and 8E; Figure S2, compound 10) were also
tested in asic3/ and asic3+/+ mice. In parallel with the SAR
studies (Figures 8D, 8E, and S2), asic3+/+ mice showed a sig-
nificant increase in paw-licking time after GMQ-Br (100 mM)
injection and the duration of paw-licking time induced by
GMQ-Br injection was significantly longer than that induced by
GMQ (Figure 8C). However, the inactive GMQ analog GBO
was ineffective even though it was applied at a concentration
as high as 10 mM (Figure 8C). Furthermore, when GMQ was
coapplied with the nonselective ASIC inhibitor amiloride, the
paw-licking time was significantly shortened (Figure 8F). Addi-
tionally, asic1 gene knock-out slightly prolonged the paw-lickingNeuron 68, 61–72, October 7, 2010 ª2010 Elsevier Inc. 67
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Figure 8. GMQ Causes Pain-Related Behaviors via ASIC3 Channels
(A) Representative traces illustrating two major types of acid (pH 5.0)- and GMQ (5 mM)-induced currents in isolated adult rat DRG neurons.
(B) Distributions of acid- and GMQ-induced currents in all tested DRG neurons.
(C) Pain-related behavior as determined by the time spent for paw licking following saline or chemical injection (10 ml). Data are means ± SEM. n = 9–14,
**p < 0.001 versus saline; ##p < 0.001, asic3/ versus asic3+/+; &p < 0.05, GMQ-Br versus GMQ.
(D) Chemical structure of GMQ-Br and GBO, analogs of GMQ, and agmatine, an endogenous polyamine.
(E) Representative current traces illustrating the potency of GMQ, GMQ-Br, GBO, and agmatine applied at the concentration indicated.
(F) Coapplication of amiloride (100 mM) attenuates GMQ-induced pain responses. Data are means ± SEM. n = 8–9. **p < 0.001.
(G) GMQ-induced pain responses in asic1+/+ and asic1/ mice. Data are means ± SEM. n = 8–9. **p < 0.001 versus saline. &p < 0.05 (p = 0.03), asic1/ versus
asic1+/+.
See also Figure S4.
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A Nonproton Ligand Sensor in ASICstime (Figure 8G), indicating a specific interaction between GMQ
and ASIC3 channels in causing pain-like behaviors. Thus, non-
proton ligands are able to activate sensory neurons and cause
pain-related behaviors via ASIC3 channels.
DISCUSSION
As membrane-embedded trimeric complexes, ASICs are acti-
vated by the reduction of extracellular pH and are known to regu-
late neuronal excitability, ischemic neuronal death and inflam-68 Neuron 68, 61–72, October 7, 2010 ª2010 Elsevier Inc.matory pain (Chen et al., 2002; Deval et al., 2008; Gao et al.,
2005; Mazzuca et al., 2007; Sluka et al., 2003; Sutherland
et al., 2001; Xiong et al., 2004; Yagi et al., 2006; Ziemann et al.,
2008). High-resolution crystal structures of ASIC1 channel
(Gonzales et al., 2009; Jasti et al., 2007) have provided snap-
shots of ASICs caught in the desensitized state with much
molecular detail. However, full elucidation of the gating mecha-
nism of these ubiquitous ion channels represents a challenging
task because of the existence of multiple proton-binding sites
and the potential involvement of multiple domains driving
Neuron
A Nonproton Ligand Sensor in ASICsacidosis-induced ASIC gating (Coric et al., 2003, 2005; Coscoy
et al., 1999; Jasti et al., 2007; Paukert et al., 2008; Pfister et al.,
2006; Vukicevic et al., 2006). Furthermore, proton-induced
ASIC currents exhibit rapid desensitization, whereas patholog-
ical acidosis can persist for hours or for days. Studies of the func-
tional roles of these channels have also been hampered by the
lack of chemical information on how these cation channels
gate. In this work, we have identified a new class of synthetic
compounds, as exemplified by GMQ, that enable sustained acti-
vation of ASIC3 channels under the neutral pH. Using mutagen-
esis analyses and covalent modification analysis, we further
revealed a nonproton ligand sensor lined by residues around
E423 and E79 in the palm domain. To our knowledge, this
is the first discovery of ASIC3 channels gating by nonproton
ligands. These ligands are particularly well suited for investi-
gating specific trajectories of structural changes during ASIC
gating, as they have specific binding domains. Moreover, given
the fact that the low-pH crystal structure of the ASIC1 channel
was resolved in the desensitization state (Gonzales et al.,
2009; Jasti et al., 2007), DTNB-specific covalent modification at
E79C residue of ASIC3, which activates and locks the ASIC3
channel in the open state, suggests a strategy for studying
crystal structure of ASICs in the open configuration.
As the simplest ligand, H+ could in principle gate a channel by
titration of a single polar amino acid. Previous studies have iden-
tified a series of charged amino acids, such as aspartate, gluta-
mate, and histidine in the extracellular region of ASICs as poten-
tial proton sensors (Coric et al., 2003, 2005; Coscoy et al., 1999;
Jasti et al., 2007; Paukert et al., 2008; Vukicevic et al., 2006).
Moreover, intracellular acidosis also modulates ASIC function
(Chen and Gru¨nder, 2007; Wang et al., 2006b) via a yet unknown
mechanism. Therefore, gating of ASICs is dependent on both
extracellular and intracellular pH. In addition to the proton-
dependent gating, the structural characteristics of ASIC1 sug-
gest that nonproton activators may bind to and directly activate
ASICs under normal physiological pH (Coric et al., 2008; Wem-
mie et al., 2006). For example, tarantula toxin psalmotoxin 1
(PcTX1), a potent and specific inhibitor of homomeric ASIC1a
channels, binds to ASIC1a and ASIC1b channels to increase
their apparent H+ affinity. Mechanistically, PcTX1 transfers
ASIC1a to desensitized state and behaves like an antagonist;
but it promotes ASIC1b to open state and behaves like an
agonist (Chen et al., 2005, 2006). Accordingly, the putative
binding sites of PcTX1 are localized to the interface of ‘‘thumb’’
and ‘‘finger’’ domains (Qadri et al., 2009), which are distinct
from the GMQ-binding site proposed in this study. Additionally,
in midbrain dopamine neurons, ammonium directly gates
ASIC1a channel (Pidoplichko and Dani, 2006). A proton-insensi-
tive ASIC has been found in a simple chordate organism (Coric
et al., 2008), suggesting the existence of endogenous nonproton
ligands for ASIC activation.
The present results favor that GMQ directly activates ASIC3
channels and additionally facilitates their response to acid in
a way that differs from any known ASICmodulators or activators.
First, the differences in gating kinetics, electrophysiological and
pharmacological properties indicate that GMQ and proton
activate ASIC3 channels in a different manner. Second, GMQ
binds specifically to a region that is distinctive from either thetentative proton sensor (Jasti et al., 2007; Paukert et al., 2008),
e.g., in the cleft between the ‘‘thumb’’ and ‘‘finger’’ domains of
ASICs (Jasti et al., 2007) or any known sites for other modulators
(Qadri et al., 2009). Third, GMQ activates ASIC3 channels via
mechanisms independent of pH regulation of their desensitiza-
tion property. Finally, changes of extracellular pH and Ca2+
may modulate the GMQ response primarily through altering the
conformation of GMQ-binding domain in the ASIC3 channel,
because mutations in the GMQ-binding residues markedly
reduced the enhancing effect of mild acidosis or reduced extra-
cellular Ca2+ (data not shown).
On the other hand, the action of GMQ is tightly coupled to
extracellular protons and Ca2+. In other words, GMQ may act
by increasing the apparent proton affinity (Figure 2A). However,
it remains a challenge to directly examine whether GMQ binding
may increase apparent proton affinity, because whereas GMQ
is always effective at neutral pH, the protonation states of both
the guanidinium group of GMQ and side chains of ASIC3 resi-
dues involved in binding could change when the channel is
exposed to graded pH changes. Furthermore, our preliminary
data showed that pretreatment with GMQ before a pH drop
did not alter the proton-sensing of ASIC3 channels (data not
shown). Therefore, while the present study does not completely
rule out the possibility that GMQ and other nonproton ligands
alike activate ASIC3 channels through modulation of proton
sensitivity, it strongly suggests that the GMQ-binding region
may constitute a multifunctional sensor integrating diverse cel-
lular signals (e.g., mild acidosis or reduced extracellular Ca2+),
which may be attained under some pathophysiological condi-
tions (Deval et al., 2008; Immke and McCleskey, 2001; Issberner
et al., 1996; Nicholson et al., 1977; Sutherland et al., 2001).
Our findings provide several insights into the gating and func-
tion of ASICs. First, while ASICs are known to be primarily acti-
vated by acidosis under physiological or pathological conditions,
natural nonproton ligands may exist for activating these chan-
nels even at normal pH. Indeed, in an attempt to look for endog-
enous nonproton ligands for ASIC3, we found that agmatine, an
endogenous polyamine containing a guanidinium group, is
a weak agonist of ASIC3 and its activation of ASIC3 is strongly
potentiated under pathological conditions, e. g., mild acidosis
or reduced extracellular Ca2+ concentration (Y.Y. and T.-L.X.,
unpublished data). Second, unlike the largely transient ASIC
currents activated by acidosis, GMQ induces persistent ASIC3
currents. Sustained currents associated with channel activation
may mediate persistent pathological effects mediated by ASICs,
such as ischemic cell damage (Gao et al., 2005; Sutherland et al.,
2001; Xiong et al., 2004; Yagi et al., 2006) and nociceptive stimuli
(Deval et al., 2008; Sluka et al., 2003). While such persistent
currents have been attributed to mild acidosis (Yagi et al.,
2006), the possibility exists that nonproton ligands produced
under these conditions are responsible for inducing the sus-
tained ASIC3 currents via the mechanism reported here. In this
regard, we found that GMQwas able to activate sensory neurons
and causes pain-related behaviors via ASIC3 channels, demon-
strating a functional role of the nonproton gating. Third, the
palm domain was proposed as a pivotal module for transiting
proton-induced conformational changes in the ASIC1 channel
(Jasti et al., 2007), and it also plays a role in acid-inducedNeuron 68, 61–72, October 7, 2010 ª2010 Elsevier Inc. 69
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we show that specific activation of the palm domain of ASIC3
stabilizes the channel in its open state, a process that is highly
sensitive to changes of extracellular pH and Ca2+. This finding
underscores the importance of palm domain in channel gating
(Canessa, 2007; Jasti et al., 2007). As the vanguards of the
sensory systems, transient receptor potential (TRP) channels
(Clapham, 2003; Voets et al., 2005) and ASIC channels (Krishtal,
2003; Lingueglia, 2007; Welsh et al., 2002; Wemmie et al., 2006)
share some interesting properties in their physiological func-
tions. As TRP channels respond to temperature, touch, noci-
ception, osmolarity, pheromones, and other chemical stimuli
(Clapham, 2003; Voets et al., 2005), ASIC channels also respond
to many signals, including decreased extracellular pH (Wald-
mann et al., 1997), mechanical stimuli (Price et al., 2000), mem-
brane stretching elicited by a hypotonic solution (Allen and
Attwell, 2002), and direct hypertonicity (Deval et al., 2008).
Thermo-TRP channel-forming proteins are modular in the sense
that some structural modules confer temperature- and voltage-
dependent regulations (Latorre et al., 2007), whereas others
confer chemosensation and mechanosensation (Voets et al.,
2005). Likewise, ASIC channels may also sense different signals
by distinct or overlapped modules. As some members of the
DEG/ENaC family are believed to form mechanotransduction
channels (Kellenberger and Schild, 2002), ASIC3 has been
proposed to contribute to mechanosensation (Page et al.,
2005; Price et al., 2001). The discovery of the novel multifunc-
tional sensor in the palm domain raises the possibility that
ASIC3-dependent mechanosensation may be mediated by yet
unknown ligands induced by mechanical stimuli.
EXPERIMENTAL PROCEDURES
Cell Culture and Transfection
All constructs were expressed in CHO cells as described previously (Wang
et al., 2006a). In brief, CHO cells were cultured at 37C in a humidified atmo-
sphere of 5% CO2 and 95% air. The cells were maintained in F12 medium
(Invitrogen) supplemented with 1 mM L-glutamine, 10% fetal bovine serum,
50 units/ml penicillin, and 50 mg/ml streptomycin. Transient transfection of
CHO cells was carried out using Lipofectamine 2000 (Invitrogen). Electrophys-
iological measurements were performed 24–48 hr after transfection.
Adult rat dorsal root ganglion (DRG) neurons were prepared as previously
described (Dube´ et al., 2005). Briefly, dissected ganglia were digested with
collagenase (IV) followed by trypsin in Hank’s balanced buffer. Following
repeated washing and triturations, cells was placed on coverslips that were
coated with poly-L-lysine and laminin in DMEM (INVITROGEN) with L-gluta-
mine plus 10% fetal bovine serum (INVITROGEN) and 10% F12.
Solutions and Drugs
The ionic composition of the incubation solution was (mM): 124 NaCl,
24 NaHCO3, 5 KCl, 1.2 KH2PO4, 2.4 CaCl2, 1.3 MgSO4, and 10 glucose,
aerated with 95% O2/5% CO2 to a final pH of 7.4. The standard external solu-
tion (SS) contained (mM): 150 NaCl, 5 KCl, 1 MgCl2, 2 CaCl2, and 10 glucose,
buffered to various pH values with either 10mMHEPES (pH 6.0–7.4), or 10mM
MES (pH <6.0). For the Na+-free medium, Na+ was substituted with equimolar
N-Methyl-D-glucamine (NMDG). In Ca2+-free experiments, CaCl2 was omitted,
and 5 mM EGTA was added to the standard solution. The patch pipette solu-
tion for whole-cell recording was (mM): 120 KCl, 30 NaCl, 1 MgCl2, 0.5 CaCl2,
5 EGTA, 2 Mg-ATP, 10 HEPES. The internal solution was adjusted to pH 7.2
with Tris-base.
Except for GMQ dimer and GMQ analogs, all other drugs were purchased
from Sigma (St. Louis, MO). Drugs were rapidly applied using the ‘‘Y-tube’’70 Neuron 68, 61–72, October 7, 2010 ª2010 Elsevier Inc.method (Li et al., 2003). This system allows a complete exchange of external
solution surrounding a CHO cell within 20 ms. To study the rates of channel
activation, solution exchanges were carried out on patches with piezodriven
theta tube configuration (SF-77B, Perfusion Fast-Step, Warner Instruments),
which allows a complete exhange of external solution surrounding a CHO
cell within 1 ms.
Compound Screening
To identify ligands/modulators for ASIC channels, we electrophysiologically
screened home-produced and commercially available small molecules
containing basic groups (>300; see Table S1) in CHO cells transfected
with ASIC3 or ASIC1a channels. All purchased compounds were from
Sigma-Aldrich rare chemical library (http://www.sigmaaldrich.com/chemistry/
chemistry-services/rare-chemical-library.html) or SPECS database (http://
www.specs.net/snpage.php?snpageid = home). For all compounds, their
ability to activate ASIC3 or ASIC1a channels at pH 7.4 was tested using stan-
dard whole-cell patch clamp. All compounds were applied at concentrations
up to 1 mM unless water solubility limitations.
Site-Directed Mutagenesis
The cDNA of ASIC3 was subcloned into the pEGFPC3 vector (Promega
Corporation, Madison, WI). Each mutant was generated with the QuikChange
mutagenesis kit (Stratagene, La Jolla, CA) in accordance with the manufac-
turer’s protocol using high-performance-liquid-chromatography-purified or
PAGE-purified oligonucleotide primers (Sigma-Genosys, The Woodlands,
TX). Individual mutations were verified by DNA sequence analysis, and the pre-
dicted amino acid sequences were determined by computer analysis.
Electrophysiology
The electrophysiological recordings were performed using the conventional
whole-cell configuration under voltage clamp. Patch pipettes were pulled
from glass capillaries with an outer diameter of 1.5 mm on a two-stage puller
(PP-830, Narishige Co., Ltd., Tokyo, Japan). The resistance between the
recording electrode filled with pipette solution and the reference electrode
was 3–5 MU. Membrane currents were measured using a patch clamp ampli-
fier (Axon 700A, Axon Instruments, Foster City, CA) and were sampled and
analyzed using a Digidata 1320A interface and a computer running the Clam-
pex and Clamp-fit software (version 8.0.1, Axon Instruments). In most experi-
ments, 70%–90% of the series resistance was compensated. Unless other-
wise noted, the membrane potential was held at 60 mV throughout the
experiment under voltage clamp conditions. All the experiments were carried
out at room temperature (23C ± 2C).
Pain-Related Behavioral Assays
Animals were acclimatized for 30 min before experiments. A total volume
of 10 ml of either saline (0.9% NaCl) or GMQ- or other compound-containing
solution (in 0.9% NaCl) was injected intraplantarly using a 30 G needle and
paw-licking behavior was quantified for 30 min (Price et al., 2001; Salazar
et al., 2008).
Chemical Synthesis
GMQ analogs and the GMQ dimer were prepared by using liquid-phase
methods and final compounds were purified by silica gel column chromatog-
raphy. The synthesis scheme, ESI-TOF MS and 1H NMR data are summarized
in the Supplemental Experimental Procedures (see Chemical Synthesis).
Data Analysis
Results are expressed as the means ± SEM. Statistical comparisons were
made using Student’s t test, where *p < 0.05 or **p < 0.001 was considered
significantly different. Concentration-response relationships for nonproton
ligand activation of WT or mutated channels were obtained by measuring
currents in response to different concentrations of agonists. A reference acidic
solution (pH 5.0) was applied first to each CHO cell, and 2 min later a single
test concentration of nonproton ligand was applied and the response was
normalized to the reference pH 5.0-induced peak current. Each concentration
was tested on at least three CHO cells and all results used to generate
a concentration-response relationship were from the same group. The data
Neuron
A Nonproton Ligand Sensor in ASICswere fit to the Hill equation I=Imax = 1=½1+ ðEC50=½LigandÞn, where I is the
normalized current at a given concentration of nonproton ligands, Imax is the
maximum normalized current, EC50 is the concentration of nonproton ligands
yielding a current that is half of the maximum, and n is the Hill coefficient.
Concentrations-response curves for Ca2+-blockage were fit to the Hill equa-
tion ðImax  IÞ=Imax = 1=½1+ ðIC50=½Ca2+ Þn, where I is the normalized current
at given concentration of Ca2+, Imax is the maximum normalized current, IC50
is the concentration of [Ca2+] yielding a blockage that is half of the maximum,
and n is the Hill coefficient. The pH-dependent relationship for GMQ activa-
tion of ASIC3 was obtained by measuring the GMQ (1 mM)-induced currents
under different pH conditions. The data were fit to the Gauss equation
y = y0 +Ae
ðxxcÞ2=2w2 , where y is the amplitude of GMQ-induced current, y0
is the offset amplitude, A is the maximal amplitude, x is the pH value, xc is
the pH value under which GMQ-induced currents attained A+y0, and w is pH
ranges under which GMQ-induced currents attained A/2. The permeability
ratios of PNa/PLi and PNa/PK were determined by the modified Goldmann-
Holdgkin-Katz equation: PX/PNa = exp (DVrevF/RT) due to the equimolar
cations in the external and internal solution, where X represents the test cation,
DVrev is the change in reversal potential when Na
+ was replaced by the tested
cation, F is the Faraday constant, R is the gas constant, and T is the absolute
temperature.Additional Methods
Further details of chemical synthesis are in Supplemental Experimental Proce-
dures online.SUPPLEMENTAL INFORMATION
Supplemental Information includes four figures, one table, and Supplemental
Experimental Procedures and can be found with this article online at doi:10.
1016/j.neuron.2010.09.001.ACKNOWLEDGMENTS
We thank all groups that provided us with ASIC cDNAs and thank Drs. J.A.
Wemmie, M.P. Price, and M.J. Welsh for their kind gifts of asic3 and asic1
knockout mice. We also thank Drs. M.-m. Poo and M.X. Zhu for helpful
comments on the manuscript. This study was supported by grants from
the National Natural Science Foundation of China (Nos. 30830035,
30700145, and 9091300), the National Basic Research Program of China
(2006CB500803, 2011CB809005, and 2009CB918502), and the Shanghai
Municipal Government (09XD1404900). Y.Y. is a postdoctoral fellow sup-
ported by the K.C. Wong Education Foundation (Hong Kong) and China Post-
doctoral Science Foundation.
Accepted: August 13, 2010
Published: October 6, 2010REFERENCES
Allen, N.J., and Attwell, D. (2002). Modulation of ASIC channels in rat cerebellar
Purkinje neurons by ischaemia-related signals. J. Physiol. 543, 521–529.
Babini, E., Paukert, M., Geisler, H.S., and Grunder, S. (2002). Alternative
splicing and interaction with di- and polyvalent cations control the dynamic
range of acid-sensing ion channel 1 (ASIC1). J. Biol. Chem. 277, 41597–41603.
Berdiev, B.K., Mapstone, T.B., Markert, J.M., Gillespie, G.Y., Lockhart, J.,
Fuller, C.M., and Benos, D.J. (2001). pH alterations ‘‘reset’’ Ca2+ sensitivity
of brain Na+ channel 2, a degenerin/epithelial Na+ ion channel, in planar lipid
bilayers. J. Biol. Chem. 276, 38755–38761.
Canessa, C.M. (2007). Structural biology: Unexpected opening. Nature 449,
293–294.
Chen, X., and Gru¨nder, S. (2007). Permeating protons contribute to tachyphy-
laxis of the acid-sensing ion channel (ASIC) 1a. J. Physiol. 579, 657–670.Chen, C.C., Zimmer, A., Sun, W.H., Hall, J., Brownstein, M.J., and Zimmer, A.
(2002). A role for ASIC3 in the modulation of high-intensity pain stimuli. Proc.
Natl. Acad. Sci. USA 99, 8992–8997.
Chen, X., Kalbacher, H., and Gru¨nder, S. (2005). The tarantula toxin psalmo-
toxin 1 inhibits acid-sensing ion channel (ASIC) 1a by increasing its apparent
H+ affinity. J. Gen. Physiol. 126, 71–79.
Chen, X., Kalbacher, H., andGru¨nder, S. (2006). Interaction of acid-sensing ion
channel (ASIC) 1 with the tarantula toxin psalmotoxin 1 is state dependent.
J. Gen. Physiol. 127, 267–276.
Clapham, D.E. (2003). TRP channels as cellular sensors. Nature 426, 517–524.
Coric, T., Zhang, P., Todorovic, N., and Canessa, C.M. (2003). The extracel-
lular domain determines the kinetics of desensitization in acid-sensitive ion
channel 1. J. Biol. Chem. 278, 45240–45247.
Coric, T., Zheng, D., Gerstein, M., and Canessa, C.M. (2005). Proton sensitivity
of ASIC1 appeared with the rise of fishes by changes of residues in the region
that follows TM1 in the ectodomain of the channel. J. Physiol. 568, 725–735.
Coric, T., Passamaneck, Y.J., Zhang, P., Di Gregorio, A., and Canessa, C.M.
(2008). Simple chordates exhibit a proton-independent function of acid-
sensing ion channels. FASEB J. 22, 1914–1923.
Coscoy, S., de Weille, J.R., Lingueglia, E., and Lazdunski, M. (1999). The pre-
transmembrane 1 domain of acid-sensing ion channels participates in the ion
pore. J. Biol. Chem. 274, 10129–10132.
Cushman, K.A., Marsh-Haffner, J., Adelman, J.P., and McCleskey, E.W.
(2007). A conformation change in the extracellular domain that accompanies
desensitization of acid-sensing ion channel (ASIC) 3. J. Gen. Physiol. 129,
345–350.
Deval, E., Noe¨l, J., Lay, N., Alloui, A., Diochot, S., Friend, V., Jodar, M., Lazdun-
ski, M., and Lingueglia, E. (2008). ASIC3, a sensor of acidic and primary inflam-
matory pain. EMBO J. 27, 3047–3055.
Duan, B., Wu, L.J., Yu, Y.Q., Ding, Y., Jing, L., Xu, L., Chen, J., and Xu, T.L.
(2007). Upregulation of acid-sensing ion channel ASIC1a in spinal dorsal
horn neurons contributes to inflammatory pain hypersensitivity. J. Neurosci.
27, 11139–11148.
Dube´, G.R., Lehto, S.G., Breese, N.M., Baker, S.J.,Wang, X., Matulenko,M.A.,
Honore´, P., Stewart, A.O., Moreland, R.B., and Brioni, J.D. (2005). Electro-
physiological and in vivo characterization of A-317567, a novel blocker of
acid sensing ion channels. Pain 117, 88–96.
Ellman, G.L. (1959). Tissue sulfhydryl groups. Arch. Biochem. Biophys. 82,
70–77.
Gao, J., Duan, B., Wang, D.G., Deng, X.H., Zhang, G.Y., Xu, L., and Xu, T.L.
(2005). Coupling between NMDA receptor and acid-sensing ion channel
contributes to ischemic neuronal death. Neuron 48, 635–646.
Gonzales, E.B., Kawate, T., and Gouaux, E. (2009). Pore architecture and ion
sites in acid-sensing ion channels and P2X receptors. Nature 460, 599–604.
Immke, D.C., andMcCleskey, E.W. (2001). Lactate enhances the acid-sensing
Na+ channel on ischemia-sensing neurons. Nat. Neurosci. 4, 869–870.
Immke, D.C., and McCleskey, E.W. (2003). Protons open acid-sensing ion
channels by catalyzing relief of Ca2+ blockade. Neuron 37, 75–84.
Issberner, U., Reeh, P.W., and Steen, K.H. (1996). Pain due to tissue acidosis:
A mechanism for inflammatory and ischemic myalgia? Neurosci. Lett. 208,
191–194.
Jasti, J., Furukawa, H., Gonzales, E.B., and Gouaux, E. (2007). Structure
of acid-sensing ion channel 1 at 1.9 A resolution and low pH. Nature 449,
316–323.
Kellenberger, S., and Schild, L. (2002). Epithelial sodium channel/degenerin
family of ion channels: a variety of functions for a shared structure. Physiol.
Rev. 82, 735–767.
Krishtal, O. (2003). The ASICs: Signaling molecules? Modulators? Trends
Neurosci. 26, 477–483.
Latorre, R., Brauchi, S., Orta, G., Zaelzer, C., and Vargas, G. (2007).
ThermoTRP channels as modular proteins with allosteric gating. Cell Calcium
42, 427–438.Neuron 68, 61–72, October 7, 2010 ª2010 Elsevier Inc. 71
Neuron
A Nonproton Ligand Sensor in ASICsLi, Y.F., Wu, L.J., Li, Y., Xu, L., and Xu, T.L. (2003). Mechanisms of H+ modu-
lation of glycinergic response in rat sacral dorsal commissural neurons.
J. Physiol. 552, 73–87.
Lingueglia, E. (2007). Acid-sensing ion channels in sensory perception. J. Biol.
Chem. 282, 17325–17329.
Lu, Y., Ma, X., Sabharwal, R., Snitsarev, V., Morgan, D., Rahmouni, K., Drum-
mond, H.A., Whiteis, C.A., Costa, V., Price, M., et al. (2009). The ion channel
ASIC2 is required for baroreceptor and autonomic control of the circulation.
Neuron 64, 885–897.
Mazzuca, M., Heurteaux, C., Alloui, A., Diochot, S., Baron, A., Voilley, N., Blon-
deau, N., Escoubas, P., Ge´lot, A., Cupo, A., et al. (2007). A tarantula peptide
against pain via ASIC1a channels and opioid mechanisms. Nat. Neurosci.
10, 943–945.
Milovic, V. (2001). Polyamines in the gut lumen: Bioavailability and biodistribu-
tion. Eur. J. Gastroenterol. Hepatol. 13, 1021–1025.
Nicholson, C., Bruggencate, G.T., Steinberg, R., and Sto¨ckle, H. (1977).
Calcium modulation in brain extracellular microenvironment demonstrated
with ion-selective micropipette. Proc. Natl. Acad. Sci. USA 74, 1287–1290.
Otake, K., Ruggiero, D.A., Regunathan, S., Wang, H., Milner, T.A., and Reis,
D.J. (1998). Regional localization of agmatine in the rat brain: An immunocyto-
chemical study. Brain Res. 787, 1–14.
Page, A.J., Brierley, S.M., Martin, C.M., Price, M.P., Symonds, E., Butler, R.,
Wemmie, J.A., and Blackshaw, L.A. (2005). Different contributions of ASIC
channels 1a, 2, and 3 in gastrointestinal mechanosensory function. Gut 54,
1408–1415.
Paukert, M., Babini, E., Pusch, M., and Gru¨nder, S. (2004). Identification of the
Ca2+ blocking site of acid-sensing ion channel (ASIC) 1: Implications for
channel gating. J. Gen. Physiol. 124, 383–394.
Paukert, M., Chen, X., Polleichtner, G., Schindelin, H., and Gru¨nder, S. (2008).
Candidate amino acids involved in H+ gating of acid-sensing ion channel 1a.
J. Biol. Chem. 283, 572–581.
Pfister, Y., Gautschi, I., Takeda, A.N., van Bemmelen,M., Kellenberger, S., and
Schild, L. (2006). A gating mutation in the internal pore of ASIC1a. J. Biol.
Chem. 281, 11787–11791.
Pidoplichko, V.I., and Dani, J.A. (2006). Acid-sensitive ionic channels in
midbrain dopamine neurons are sensitive to ammonium, whichmay contribute
to hyperammonemia damage. Proc. Natl. Acad. Sci. USA 103, 11376–11380.
Price, M.P., Lewin, G.R., McIlwrath, S.L., Cheng, C., Xie, J., Heppenstall, P.A.,
Stucky, C.L., Mannsfeldt, A.G., Brennan, T.J., Drummond, H.A., et al. (2000).
The mammalian sodium channel BNC1 is required for normal touch sensation.
Nature 407, 1007–1011.
Price, M.P., McIlwrath, S.L., Xie, J., Cheng, C., Qiao, J., Tarr, D.E., Sluka, K.A.,
Brennan, T.J., Lewin, G.R., and Welsh, M.J. (2001). The DRASIC cation
channel contributes to the detection of cutaneous touch and acid stimuli in
mice. Neuron 32, 1071–1083.
Qadri, Y.J., Berdiev, B.K., Song, Y., Lippton, H.L., Fuller, C.M., andBenos, D.J.
(2009). Psalmotoxin-1 docking to human acid-sensing ion channel-1. J. Biol.
Chem. 284, 17625–17633.
Reis, D.J., Yang, X.C., and Milner, T.A. (1998). Agmatine containing axon
terminals in rat hippocampus form synapses on pyramidal cells. Neurosci.
Lett. 250, 185–188.
Salazar, H., Llorente, I., Jara-Oseguera, A., Garcı´a-Villegas, R., Munari, M.,
Gordon, S.E., Islas, L.D., and Rosenbaum, T. (2008). A single N-terminal
cysteine in TRPV1 determines activation by pungent compounds from onion
and garlic. Nat. Neurosci. 11, 255–261.72 Neuron 68, 61–72, October 7, 2010 ª2010 Elsevier Inc.Sluka, K.A., Price, M.P., Breese, N.M., Stucky, C.L., Wemmie, J.A., andWelsh,
M.J. (2003). Chronic hyperalgesia induced by repeated acid injections in
muscle is abolished by the loss of ASIC3, but not ASIC1. Pain 106, 229–239.
Sutherland, S.P., Benson, C.J., Adelman, J.P., and McCleskey, E.W. (2001).
Acid-sensing ion channel 3 matches the acid-gated current in cardiac
ischemia-sensing neurons. Proc. Natl. Acad. Sci. USA 98, 711–716.
Voets, T., Talavera, K., Owsianik, G., and Nilius, B. (2005). Sensing with TRP
channels. Nat. Chem. Biol. 1, 85–92.
Vukicevic, M., Weder, G., Boillat, A., Boesch, A., and Kellenberger, S. (2006).
Trypsin cleaves acid-sensing ion channel 1a in a domain that is critical for
channel gating. J. Biol. Chem. 281, 714–722.
Waldmann, R., Champigny, G., Bassilana, F., Heurteaux, C., and Lazdunski,
M. (1997). A proton-gated cation channel involved in acid-sensing. Nature
386, 173–177.
Wang, W., Duan, B., Xu, H., Xu, L., and Xu, T.L. (2006a). Calcium-permeable
acid-sensing ion channel is a molecular target of the neurotoxic metal ion
lead. J. Biol. Chem. 281, 2497–2505.
Wang, W.Z., Chu, X.P., Li, M.H., Seeds, J., Simon, R.P., and Xiong, Z.G.
(2006b). Modulation of acid-sensing ion channel currents, acid-induced
increase of intracellular Ca2+, and acidosis-mediated neuronal injury by intra-
cellular pH. J. Biol. Chem. 281, 29369–29378.
Welsh, M.J., Price, M.P., and Xie, J. (2002). Biochemical basis of touch
perception: mechanosensory function of degenerin/epithelial Na+ channels.
J. Biol. Chem. 277, 2369–2372.
Wemmie, J.A., Chen, J., Askwith, C.C., Hruska-Hageman, A.M., Price, M.P.,
Nolan, B.C., Yoder, P.G., Lamani, E., Hoshi, T., Freeman, J.H., Jr., and Welsh,
M.J. (2002). The acid-activated ion channel ASIC contributes to synaptic plas-
ticity, learning, and memory. Neuron 34, 463–477.
Wemmie, J.A., Price, M.P., andWelsh, M.J. (2006). Acid-sensing ion channels:
advances, questions and therapeutic opportunities. Trends Neurosci. 29, 578–
586.
Wu, L.J., Duan, B., Mei, Y.D., Gao, J., Chen, J.G., Zhuo, M., Xu, L., Wu, M., and
Xu, T.L. (2004). Characterization of acid-sensing ion channels in dorsal horn
neurons of rat spinal cord. J. Biol. Chem. 279, 43716–43724.
Xiong, Z.G., Zhu, X.M., Chu, X.P., Minami, M., Hey, J., Wei, W.L., MacDonald,
J.F., Wemmie, J.A., Price, M.P., Welsh, M.J., and Simon, R.P. (2004). Neuro-
protection in ischemia: Blocking calcium-permeable acid-sensing ion chan-
nels. Cell 118, 687–698.
Xu, T.L., and Duan, B. (2009). Calcium-permeable acid-sensing ion channel
in nociceptive plasticity: A new target for pain control. Prog. Neurobiol. 87,
171–180.
Yagi, J., Wenk, H.N., Naves, L.A., and McCleskey, E.W. (2006). Sustained
currents through ASIC3 ion channels at the modest pH changes that occur
during myocardial ischemia. Circ. Res. 99, 501–509.
Zhang, M., Wang, H., and Tracey, K.J. (2000). Regulation of macrophage acti-
vation and inflammation by spermine: A new chapter in an old story. Crit. Care.
Med. 28, N60–N66.
Zhang, P., Sigworth, F.J., and Canessa, C.M. (2006). Gating of acid-sensitive
ion channel-1: release of Ca2+ block vs. allosteric mechanism. J. Gen. Physiol.
127, 109–117.
Ziemann, A.E., Schnizler, M.K., Albert, G.W., Severson, M.A., Howard, M.A.,
3rd, Welsh, M.J., and Wemmie, J.A. (2008). Seizure termination by acidosis
depends on ASIC1a. Nat. Neurosci. 11, 816–822.
Ziemann, A.E., Allen, J.E., Dahdaleh, N.S., Drebot, I.I., Coryell, M.W., Wunsch,
A.M., Lynch, C.M., Faraci, F.M., Howard, M.A., 3rd,Welsh,M.J., andWemmie,
J.A. (2009). The amygdala is a chemosensor that detects carbon dioxide and
acidosis to elicit fear behavior. Cell 139, 1012–1021.
